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Endocardial cells are thought to contribute at least in part to the formation of the endocardial cushion mesenchyme. Here,
we created Tie2-Cre transgenic mice, in which expression of Cre recombinase is driven by an endothelial-specific
promoter/enhancer. To analyze the lineage of Cre expressing cells, we used CAG-CAT-Z transgenic mice, in which
expression of lacZ is activated only after Cre-mediated recombination. We detected pan-endothelial expression of the Cre
transgene in Tie2-Cre;CAG-CAT-Z double-transgenic mice. This expression pattern is almost identical to Tie2-lacZ
transgenic mice. However, interestingly, we observed strong and uniform lacZ expression in mesenchymal cells of the
atrioventricular canal of Tie2-Cre;CAG-CAT-Z double-transgenic mice. We also detected lacZ expression in the mesen-
chymal cells in part of the proximal cardiac outflow tract, but not in the mesenchymal cells of the distal outflow tract and
branchial arch arteries. LacZ staining in Tie2-Cre;CAG-CAT-Z embryos is consistent with endocardial–mesenchymal
transformation in the atrioventricular canal and outflow tract regions. Our observations are consistent with previously
reported results from Cx43-lacZ, Wnt1-Cre;R26R, and Pax3-Cre;R26R transgenic mice, in which lacZ expression in the
cardiac outflow tract identified contributions in part from the cardiac neural crest. Tie2-Cre transgenic mice are a new
genetic tool for the analyses of endothelial cell-lineage and endothelial cell–specific gene targeting. © 2001 Academic Press
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Formation of the endocardial cushion involves
endocardial–mesenchymal transformation as well as contri-
butions from the cardiac neural crest. The primary source of
mesenchyme in the atrioventricular (AV) canal in the
mouse and chick embryo is thought to be endocardial cells
(Bolender and Markwald, 1979; Markwald et al., 1979,
1977). In the mouse, at embryonic day (E) 9–9.5, the heart
consists of two epithelial layers, the endocardium and the
myocardium, which are separated by an acellular matrix
(the cardiac jelly). Between E9.5 and E10.0, a subset of
cardiac endothelial cells in the AV canal and outflow tract
(OT) transforms from an epithelial to a mesenchymal
morphology, migrates into the previously acellular cardiac
jelly, and participates in the formation of the valves and d
230embranous septa (Kaufman, 1992; Runyan and Markwald,
983). Neural crest cells do not appear to make a significant
ontribution to the AV canal, at least in the chick, based on
tudies which indicate that (1) neural crest cells have not
et migrated into the heart when the mesenchyme of the
V canal is developed (Noden et al., 1995), and (2) AV septal
efects are rarely seen after ablation of the premigratory
ardiac neural crest (Nishibatake et al., 1987). In contrast to
esenchyme in the AV canal, the origins of the mesen-
hyme in the OT are more controversial. Based on the
xperiments using chick-quail chimera embryos, the cur-
ent belief is that two kinds of mesenchyme, cardiac neural
rest-derived mesenchyme and non-neural crest-derived
esenchyme, play a role in outflow septation and remod-
ling. When the mesenchyme in the OT regions initially
evelops, nonneural crest cells are the primary source of the
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233In Vivo Endothelial Lineage Analysismesenchyme. In later stage embryos, in which the aortico-
pulmonary (AP) septation complex starts to develop, car-
diac neural crest cells are the primary component of the
mesenchyme in the septation complex. However, signifi-
cant regions in the conotruncal ridges are composed of
nonneural crest-derived mesenchyme (Waldo et al., 1998,
999). The source of the nonneural crest-derived mesen-
hyme may be endocardial cells.
Study of the avian system has an advantage over the
ammalian system because of the accessibility of develop-
ng embryos as well as availability of lineage-specific probes
Coffin and Poole, 1988; Crossin et al., 1986; Pardanaud et
l., 1987; Wunsch et al., 1994) and chick-quail chimera (Le
ouarin, 1982). Although in vitro assays using mouse
ndocardial cushion explants can reveal molecular path-
ays involved in endocardial–mesenchymal transforma-
ion (Nakajima et al., 1997; Yamamura et al., 1997), it is
essential to investigate the formation of the endocardial
cushion in vivo. For this purpose, it is highly useful to
establish mouse models in which we can dissect molecular
mechanisms underlying lineage establishment with the aid
of lineage-specific promoters/enhancers.
The Cre/loxP system can be used for lineage analyses in
the mouse. Cre is the bacteriophage P1-derived recombi-
nase which efficiently excises DNA flanked by two directly
repeated loxP recognition sites (Sauer and Henderson, 1988;
Sternberg and Hamilton, 1981). Temporal or spatial regula-
tion of Cre-mediated recombination can be achieved by the
use of tissue-specific and developmental stage-specific pro-
moters, ligand-inducible promoters, or ligand-dependent
Cre fusion proteins (Feil et al., 1996; Gu et al., 1994; Ku¨hn
et al., 1995; Kulkarni et al., 1999). Mice carrying reporter
transgenes (e.g., lacZ) whose expression is controlled by a
tissue-specific promoter will show the “current” expression
of the transgene. In contrast, Cre-transgenic mice can be
used to analyze the lineage history of the transgene expres-
sion when they also carry Cre-dependent reporter trans-
genes whose expression is activated only after Cre-
mediated recombination (Araki et al., 1995; Soriano, 1999).
Promoter and enhancer regions of the mouse Tie2 gene
rive transgene expression specifically in endothelial cells
Schlaeger et al., 1997). The Tie2 gene encodes an angiopoi-
etin receptor, a member of the receptor tyrosine kinase
family (Davis et al., 1996; Sato et al., 1993). Tie2 expression
is detected as the first endothelial cells arise, remains
positive in endothelial cells throughout development, and
is detectable in virtually all endothelial cells of adult
tissues (Sato et al., 1993; Schnu¨rch and Risau, 1993; Wong
et al., 1997). Tie2-lacZ transgenic mice demonstrate a
pan-endothelial-specific pattern of lacZ staining through-
out embryogenesis and adulthood (Schlaeger et al., 1997).
Since this promoter/enhancer region of the mouse Tie2
gene has the capacity to drive pan-endothelial cell trans-
gene expression, we generated Tie2-Cre transgenic mice for
ndothelial cell-lineage analyses in mice and for 1
Copyright © 2001 by Academic Press. All rightndothelial-cell specific gene targeting. These mice provide
ew insight into endothelial–mesenchymal transformation
n vivo in the mammalian developing heart.
MATERIALS AND METHODS
Construction of the Tie2-Cre Transgene
The Cre expression vector pBS185 (Gibco-BRL, Gaithersburg,
D) was digested with XhoI and HindIII to excise a 2.7-kb
ragment consisting of Cre cDNA and metallothionein-1 (MT-1)
olyA signal sequence. The 2.7-kb fragment was blunt-ended with
lenow enzyme and ligated to the murine 2.1-kb Tie2 promoter,
g50H1-2 (Schlaeger et al., 1997). Then, the murine Tie2 enhancer
fragment extending from a NaeI site of exon 1, approximately 10 kb
into the first intron and derived from pg50-2.11 (Schlaeger et al.,
1997), was ligated downstream of the MT-1 polyA signal sequence.
The resulting Tie2-Cre transgene is comprised of the Tie2 pro-
moter, Cre cDNA, MT-1 polyA signal sequence, and Tie2 intron 1
enhancer.
Production of Transgenic Mice
All procedures were approved by the Institutional Animal Care
Research Advisory Committee at The University of Texas South-
western Medical Center at Dallas. The Tie2-Cre transgene was
excised from the plasmid vector backbone. Microinjection into fertil-
ized C57BL6 3 SJLF1 oocytes and other surgical procedures were
performed as described (Hofmann et al., 1988). The genotypes of all
offsprings were analyzed by PCR as well as dot blots on genomic DNA
from tail biopsies using Nytlan membranes (Schleicher and Schuell,
Keene, NH), which was hybridized with random-prime radiolabeled
Cre cDNA probe. For PCR analysis, DNAs were amplified 35 cycles
(94°C for 1 min, 60°C for 1.5 min, 72°C for 2 min) in a thermal cycler.
The primers were 59-CGCATAACCAGTGAAACAGCATTGC-39 in
Cre coding region and 59-CCCTGTGCTCAGACAGAAATGAGA-39
in the Tie2 promoter region.
Detection of Transgene Expression by Reverse
Transcriptase (RT)-PCR
Total RNA was extracted from different tissues including the heart,
lung, kidney, liver, small intestine, large intestine, and brain from
wild-type and transgenic mice using RNA STAT-60 reagents (Tel-
Test, Friendswood, TX). Poly(A)-rich RNA was subsequently prepared
using oligo-dT cellulose columns. For RT-PCR of transgenic mRNA,
first strand cDNA was synthesized with oligo(dT)12–18 primers using
uperscript II reverse transcriptase as recommended by the manufac-
urer (Gibco BRL, Gaithersburg, MD). Oligonucleotide primers (up-
tream, 59-GCAATGGTGCGCCTGCTGGAAGATGG-39; down-
tream, 59-GGAGCTGGTGCAAGTGCAGGAGCC-39), which flank
he intron in the transgene were used to PCR amplify the transgene.
wo cycle conditions were used. The first 19 cycles used the condi-
ions of 94°C for 1 min, 68–0.5°C/cycle for 2 min. The subsequent 15
ycles used the conditions of 94°C for 1 min, 58°C for 2 min, and 72°C
or 2 min. The resulting ;350-bp product (as opposed to the ;900-bp
enomic DNA-derived product) was isolated electrophoretically in
.4% agarose and visualized by ethidium bromide staining.
s of reproduction in any form reserved.
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Tie2-Cre transgenic mice were bred with CAG-CAT-Z trans-
genic mice (Araki et al., 1995) or R26R transgenic mice (Soriano,
1999) for histological analyses. The CAG-CAT-Z transgene has a
choline acetyltransferase (CAT) cassette which is flanked by two
loxP sites, followed by a lacZ cassette. The transgene is under
control of the ubiquitous CAG promoter (Niwa et al., 1991);
however, lacZ expression is only activated by Cre-mediated recom-
bination. The R26R transgenic mice is made by homologous
recombination of a gene trap cassette into a 59 intron of the
ROSA26 locus, which is expressed ubiquitously and uniformly at
all developmental and postnatal stages (Friedrich and Soriano,
1991). The gene trap cassette includes a splice acceptor, neomycin-
resistant cassette which is flanked by two loxP sites, and a lacZ
cassette (Soriano, 1999). Similar to the CAG-CAT-Z transgenic
mice, lacZ expression is only activated by Cre-mediated recombi-
nation in R26R transgenic mice. As a control, embryos of Tie2-lacZ
transgenic mice were also used for lacZ staining (Schlaeger et al.,
1997). Whole-mount lacZ staining of embryos was performed as
follows: First, embryos were fixed with 4% paraformaldehyde/
phosphate buffered saline (PBS) on ice for 1 h, then rinsed with
buffer containing 0.2 M sodium phosphate (pH 7.3), 2 mM magne-
sium chloride, 0.02% NP-40, and 0.01% sodium deoxycholate
(Rinse Buffer). Rinsed embryos were stained in the same buffer
containing 5 mM potassium ferricyanide, 5 mM potassium ferro-
cyanide, and 1 mg/ml X-gal (5-bromo-4-chloro-3-indoyl b-D-
alactopyranoside). Whole-mount stained embryos were embedded
n paraffin, sectioned at 7 mm, and mounted on the slides. LacZ-
tained sections were lightly counterstained with eosin, mounted
n Permount (Fisher Scientific), and photographed under an Olym-
us BX-50 microscope.
RESULTS
Eight independent lines of Tie2-Cre transgenic mice were
generated and screened for expression by RT-PCR. RT-PCR
confirmed Cre transgene expression in tissues of all of eight
lines (data not shown). We analyzed each of these lines
histologically by lacZ staining of Tie2-Cre transgenic mice
bred with either CAG-CAT-Z transgenic mice or R26R
transgenic mice. Two independent lines, which carry ;2
(line 155-1) and ;20 (line 161-8) copies of the transgene (as
estimated by dot blot hybridization with radiolabeled
probes), show strong b-galactosidase activity in virtually all
lood vessels of E11.5 Tie2-Cre;CAG-CAT-Z double trans-
genic mouse embryos (Fig. 1). This staining pattern is
highly similar to the E11.5 Tie2-lacZ embryos (Schlaeger et
al., 1997) and no background staining is observed in CAG-
CAT-Z embryos. This indicates that the Tie2 promoter/
enhancer regions we used in this study faithfully drive Cre
transgene expression in a pan-endothelial-specific fashion.
Sections of Tie2-Cre;CAG-CAT-Z embryos confirm lacZ
staining in the endocardium and endothelial cells in the
aorta, umbilical arteries, and veins, as well as small blood
vessels (Fig. 2).
Interestingly, we detect strong lacZ staining in the mes-
enchymal cells of the AV canal and part of the outflow tract I
Copyright © 2001 by Academic Press. All rightin Tie2-Cre;CAG-CAT-Z embryos (Fig. 2). A small number
of circulating cells are also positive for lacZ (Fig. 6F). The
endocardial cushion of Tie2-lacZ embryos shows no lacZ
staining (Fig. 3). To investigate lacZ staining in mesenchy-
mal cells of the developing heart of Tie2-Cre;CAG-CAT-Z
embryos further, we examined earlier time points. In E7.5
embryos, lacZ staining is observed in a subset of cells in the
extra-embryonic mesodermal component of visceral yolk
sac (Figs. 4A–4C). In E8.5 embryos (when the cardiac jelly is
still acellular), only a fraction of endothelial cells in the
aorta and common atrial chamber show lacZ staining (Fig.
4D); not all of the endocardial cells are lacZ-positive. In the
blood islands of E8.5 yolk sac, we detect lacZ staining in the
majority of endothelial cells; however, we do not see lacZ
staining in hematopoietic cells (Fig. 4H). In E9.5 embryos,
lacZ staining is observed in almost all endothelial cells and
endocardial cells. This is the first stage that mesenchymal
cells in the AV regions are noticeable. In addition to
endocardial cells, mesenchymal cells in the AV regions also
show strong lacZ staining (Fig. 5B). The number of mesen-
chymal cells in the OT region is much smaller than in the
AV canal in this embryonic stage. A subset of these mes-
enchymal cells are lacZ positive (Fig. 5C). We also exam-
ined the omphalomesenteric artery as well as the vitelline
artery, where native Tie2 receptor-expressing hematopoi-
etic cells are located (Takakura et al., 1998). However, we
did not detect lacZ staining in the hematopoietic cells in
these regions (data not shown). In E10.5 embryos, the
number of mesenchymal cells in the OT region increases
significantly; however, lacZ staining is only observed in the
proximal or conal cushions (Fig. 5D). LacZ staining is not
observed in mesenchymal cells in the distal outflow tract
and branchial arch arteries, although endothelial cells in
these regions are lacZ positive (Fig. 5E). In contrast to the
OT region, almost all of mesenchymal cells in the AV canal
show strong lacZ staining (Fig. 5F). In the OT regions of
E11.5 embryos, lacZ-positive mesenchymal cells are ob-
served in the developing leaflets of pulmonary valve and
aortic valve (Figs. 6A and 6C). Mesenchymal cells in the
outflow septum at the level of the conus show lacZ staining
throughout the depth of the cushion. Interestingly, how-
ever, mesenchymal cells in the distal outflow tract are
negative for lacZ (Figs. 6B, 6E). We observed very weak lacZ
staining primarily in the endothelial cells in Tie2-Cre;
CAG-CAT-Z transgenic embryos older than E12.5 (data not
shown).
DISCUSSION
Endothelial Lineage Analyses Using Tie2-Cre;
CAG-CAT-Z Transgenic Mice
In Tie2-lacZ mice, the lacZ staining pattern demon-
strates transcriptional activity of the Tie2 promoter/
nhancer at a given time point (Schlaeger et al., 1997, 1995).
n contrast, the lacZ staining pattern of Tie2-Cre;CAG-
s of reproduction in any form reserved.
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235In Vivo Endothelial Lineage AnalysisCAT-Z double transgenic mice provides a lineage history of
transcriptional activity because once Cre-mediated recom-
bination occurs and activates lacZ expression, the trans-
ene cannot revert back to the original allele, and the
ecombined lacZ transgene is inherited through the cellular
ineage. Since the Tie2 promoter/enhancer drives expres-
sion of the transgene in a pan-endothelial-specific manner,
Tie2-Cre;CAG-CAT-Z mice are useful for endothelial cell
lineage analyses.
In addition to the strong, pan-endothelial lacZ staining in
Tie2-Cre;CAG-CAT-Z mouse embryos, mesenchymal cells
in the AV canal of these embryos show strong lacZ staining.
This observation is consistent with observations of
endocardial–mesenchymal transformation in heart explants
of the chick and mouse (Camenisch et al., 2000; Nakajima
FIG. 3. Transverse sections of X-Gal stained Tie2-lacZ embryos.
n an E11.5 Tie2-lacZ embryo, expression of lacZ is observed
pecifically in endocardium, but not in endocardial cushion (arrow-
eads). (A) Transverse section at the level of AV canal. (B) Trans-
erse section at the level of OT region. A, atrium; V, ventricle.et al., 1997; Runyan and Markwald, 1983; Yamamura et al., a
Copyright © 2001 by Academic Press. All right1997) and provide further support for these previous reports
in an unperturbed in vivo setting. Formation of the endo-
ardial cushion is less well understood in the mouse heart.
he lacZ staining in the AV cushion of the heart in
ie2-Cre;CAG-CAT-Z embryos suggests that mesenchymal
ells in the AV cushion are of endocardial cell lineage. Lo et
l. constructed a Connexin 43 (Cx43)-lacZ transgenic
ouse line using the promoter region of Cx43, a member of
he gap junction proteins (Lo et al., 1997). Judging from the
imilarity of the lacZ expression in Cx43-lacZ transgenic
ouse with the migration of cardiac neural crest cells in
hick-quail chimeras, the Cx43-lacZ transgenic mouse is
n in vivo mouse model for cardiac neural crest patterning
Waldo et al., 1999). Interestingly, Cx43-lacZ transgenic
ice do not show lacZ staining in the AV cushion. The
bsence of lacZ expression in the AV cushion of Cx43-lacZ
ransgenic mice and strong lacZ expression in the AV
ushion in Tie2-Cre;CAG-CAT-Z transgenic mice further
supports the endocardial origin of the mesenchymal cells in
AV canal.
In contrast to the AV canal, only a limited number of
mesenchymal cells in the OT regions, such as the outflow
septum at the level of the conus and the developing valve
leaflets, show lacZ staining. Experiments using chick-quail
chimeras demonstrated that the mesenchymal cells in the
OT regions are derived from both cardiac neural crest cells
and nonneural crest cells (Waldo et al., 1998, 1999). The
lacZ staining in the OT regions of the Tie2-Cre;CAG-
CAT-Z embryos is consistent with these observations in
the avian system. Cardiac neural crest cells migrate into the
outflow tract and form the prongs of the aorticopulmonary
septum around E9.5 in mice. In Cx43-lacZ embryos, mes-
enchymal cells surrounding the lumen of the aortic sac and
distal outflow tract are lacZ positive at E9.5 [Fig. 2 in
(Waldo et al., 1999)]. In Tie2-Cre;CAG-CAT-Z embryos,
lacZ-positive mesenchymal cells are detected in the proxi-
mal outflow tract. However, mesenchymal cells in the
distal outflow tract are lacZ-negative. In the avian system,
the proximal outflow cushions fuse by a completely differ-
ent mechanism from the distal outflow cushions with little
contribution from extracardiac cells. The proximal outflow
tract is not formed from the aorticopulmonary septation
complex, but by closure of the myocardializing conal cush-
ions (van den Hoff et al., 1999). The clear demarkation of
roximal (lacZ positive) from distal outflow cushions (lacZ
egative) in Tie2-Cre;CAG-CAT-Z embryos (Figs. 6B and
E) also supports the fact that the proximal outflow tract
evelops differently from the distal outflow tract. Interest-
ngly, this demarkation coincides with the region where
MP-7 (proximal) expression is replaced by BMP-4 (distal)
Yamada et al., 1999). The distal cardiac outflow tract is
ivided into aortic and pulmonary channels by the aorti-
opulmonary septum around E11.5. In Cx43-lacZ embryos,
acZ expression is observed in the common wall shared by
ortic and pulmonary channels [Fig. 3 in (Waldo et al.,
s of reproduction in any form reserved.
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237In Vivo Endothelial Lineage Analysis1999)]. Conversely, in Tie2-Cre;CAG-CAT-Z E11.5 em-
bryos, lacZ staining is observed in the endothelial cells of
aortic and pulmonary channels but not in the mesenchymal
cells which compose the aorticopulmonary septum.
Using Wnt1-Cre;R26R double transgenic mice, Jiang et
al. reported lineage analysis of cardiac neural crest cells
(Jiang et al., 2000). The Wnt1 gene is expressed specifically
in the neural plate, in the dorsal neural tube, and in the
early migratory neural crest population at all axial levels.
When the crest cell lineage migrates away from the neural
tube, the Wnt1 expression is abolished and is not expressed
at any other time or in any other place during later stages of
development (Echelard et al., 1994). LacZ staining of the
nt1-Cre;R26R transgenic mice showed results very simi-
ar to that in Cx43-lacZ transgenic mice. In embryos older
han E12.5, the distribution of lacZ-positive cells of the
nt1-Cre;R26R transgenic mice is closer to the results
rom avian chimeras than the Cx43-lacZ transgenic mice.
his difference can be explained by a decreased ongoing
ctivity of the Cx43 promoter after E12.5.
Furthermore, using Pax3-Cre;R26R transgenic mice, Ep-
tein et al. also reported lineage analysis of cardiac neural
rest cells (Epstein et al., 2000). The Pax3 gene encodes a
ranscription factor expressed in the dorsal neural tube
hich gives rise to neural crest cells (Goulding et al., 1991).
acZ staining of Pax3-Cre;R26R transgenic mice was simi-
ar to that of Wnt1-Cre;R26R transgenic mice and Cx43-
acZ transgenic mice. Overall, these findings are precisely
omplementary to our present data.
Our results suggest that endocardial cells contribute to
he non-crest-derived mesenchyme in the OT regions. For
xample, using Cx43-Cre transgenic mice and CAG-CAT-
GFP transgenic mice, in which green fluorescent protein
cts as a Cre-dependent reporter instead of lacZ (Kawamoto
t al., 2000), we may be able to simultaneously label cardiac
eural crest-derived and endothelial cell-derived structures
n the OT region. In the present study, we cannot formally
ule out the possibility of ectopic expression of the Tie2-Cre
ransgene in cell lineages unrelated to endothelial cells.
owever, we feel that this is unlikely, because we cannot
etect lacZ staining in the endocardial cushion at any stage
f Tie2-lacZ transgenic mice, whose lacZ expression is
ontrolled by the identical promoter/enhancer region
hat we use for Tie2-Cre transgenic mice. The absence of
FIG. 4. X-Gal stained Tie2-Cre;CAG-CAT-Z double transgenic E7.
of Tie2-Cre;CAG-CAT-Z transgenic mouse. (B) Transverse sections
magnification of Fig. 4B. Expression of lacZ is observed in a subset
sac. (D–G) Parasagittal sections of an E8.5 Tie2-Cre;CAG-CAT-Z t
in the aorta and common atrial chamber show lacZ staining in t
observed. (F, G) In the OT region, endocardial cells do not show ex
In the blood islands of the E8.5 yolk sac, expression of lacZ is obse
cells. ep, ectoplacental cone; al, allantois; ao, dorsal aorta; at, common
Copyright © 2001 by Academic Press. All rightacZ staining in the endocardial cushion in Tie2-lacZ trans-
enic mice indicates that transgene expression driven
y this promoter/enhancer shuts off upon endocardial–
esenchymal transformation.
A study using gold-labeled quail endothelial cells of
orsal aorta showed that endothelial cells migrate into the
ubendothelial mesenchyme and express smooth muscle
ctins (DeRuiter et al., 1997). To test the hypothesis that
ndothelial–mesenchymal transformation occurs in the
orta of the developing mouse, we examined the dorsal
orta of Tie2-Cre;CAG-CAT-Z mouse embryos and Tie2-
re;R26R mouse embryos at various stages. No detectable
acZ staining was observed in subendothelial mesenchymal
egions (data not shown), suggesting that endothelial–
esenchymal transformation does not occur in this region
uring mouse development. However, the absence of lacZ
taining in the mesenchyme of the dorsal aorta of Tie2-Cre;
AG-CAT-Z and Tie2-Cre;R26R embryos does not com-
letely rule out the possibility of endothelial–mesenchymal
ransformation in the aorta in the mouse because we cannot
xclude the possibility that the CAG promoter or ROSA26
llele is simply not active in the subendothelial mesen-
hyme of the aorta.
Circulating endothelial precursors or angioblast?
In addition to endothelial cells and endocardial cushion
mesenchymal cells, we observed circulating lacZ-positive
cells in Tie2-Cre;CAG-CAT-Z embryos. The nature of these
cells is not yet clear. In Tie2-lacZ embryos, hematopoietic
cells do not show lacZ staining (Schlaeger et al., 1995).
ematopoiesis begins in the yolk sac at E7.5 and subse-
uently shifts to the fetal liver and then to the spleen and
one marrow (Johnson and Moore, 1975). Before hepatic
ematopoiesis, intraembryonic hematopoietic sites are the
ara-aortic splanchnopleural mesoderm (P-Sp) region and
he aorta-gonad-mesonephros (Medvinsky and Dierzak,
996). The omphalomesenteric artery is formed from
planchnic mesodermal cells around E8.0 and migrates to
he yolk sac, where the vitelline artery is formed by E9.0.
he native Tie2 receptor is expressed not only in the
ndothelial cells of these arteries but also in the hemato-
oietic cells which aggregate and adhere to the endothelial
ells of these arteries (Takakura et al., 1998). However, in
C) and E8.5 (D–H) embryos. (A) Whole-mount stained E7.5 embryo
.5 embryo of Tie2-Cre;CAG-CAT-Z transgenic mouse. (C) A higher
lls in the extra-embryonic mesodermal component of visceral yolk
enic mouse embryo. (D) Only a small fraction of endothelial cells
.5 embryo. (E) In dorsal aorta, lacZ-positive endothelial cells are
ion of lacZ (arrows). At this stage, the cardiac jelly is acellular. (H)
in the majority of endothelial cells, but not in the hematopoietic5 (A–
of E7
of ce
ransg
he E8
press
rvedatrial chamber; bi, blood island.
s of reproduction in any form reserved.
238 Kisanuki et al.FIG. 5. X-Gal stained Tie2-Cre;CAG-CAT-Z double transgenic E9.5 (A–C) and E10.5 (D–F) embryos. (A–C) Parasagittal sections of E9.5
Tie2-Cre;CAG-CAT-Z transgenic embryos. (A) Almost all of the endothelial cells show lacZ staining. (B) In the AV canal, both
mesenchymal cells (arrow) and endocardial cells show lacZ staining. (C) In the OT region, the number of mesenchymal cells is very small
compared to the AV canal. A subset of the mesenchymal cells in the OT region shows lacZ staining (arrows). (D–F) Transverse sections of
E10.5 Tie2-Cre;CAG-CAT-Z transgenic embryos. (D) In the OT region, the number of mesenchymal cells are increased compared to E9.5
embryos. LacZ staining is observed in the proximal or conal cushions (arrows), but not in the other areas of mesenchymal cells. (E)
Endothelial cells of the distal outflow tract and branchial arch arteries are lacZ-positive. Note that no lacZ staining is observed in the
mesenchymal cells of distal outflow tract (arrow). (F) Almost all of the mesenchymal cells in the AV canal show strong lacZ staining. A,
atrium; V, ventricle; ba, branchial arch artery.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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239In Vivo Endothelial Lineage AnalysisFIG. 6. X-Gal stained Tie2-Cre;CAG-CAT-Z transgenic E11.5 embryos. (A–E) Transverse sections of E11.5 Tie2-Cre;CAG-CAT-Z
ransgenic embryos. (A, C) In the developing leaflets of pulmonary valve and aortic valves, lacZ-positive mesenchymal cells are observed
arrows). (B) In the outflow septum at the level of the conus, mesenchymal cells show lacZ staining (arrows). Note that no lacZ staining
s observed in mesenchymal cells of the aorticopulmonary septation complex (star). (D) Strong lacZ staining is observed in the
esenchymal cells of AV canal (arrows). (E) A higher magnification of panel B. Mesenchymal cells in the proximal outflow tract show lacZ
taining throughout the depth of the cushion. (F) Parasagittal section of Tie2-Cre;CAG-CAT-Z transgenic E11.5 embryo. In the dorsal aorta,
small number of circulating cells are lacZ-positive (arrowheads). Ao, aortic channel of the outflow tract; P, pulmonary channel of theutflow tract; A, atrium; V, ventricle.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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240 Kisanuki et al.Tie2-Cre;CAG-CAT-Z embryos, we did not detect lacZ-
positive hematopoietic cells in the blood islands of the yolk
sac, in the omphalomesenteric artery, or in the vitelline
artery. Interestingly, Takahashi et al. showed that bone
arrow-derived endothelial cells can be recruited to form
ndothelial cells in blood vessels (Takahashi et al., 1999).
They subjected wild-type mice to lethal irradiation fol-
lowed by bone marrow transplantation. Donor bone mar-
row was derived from Tie2-lacZ transgenic mice. Their
results indicate that endothelial progenitor cells can be
recruited from the bone marrow to the areas where neovas-
cularization takes place. Furthermore, using human periph-
eral blood samples, Lin et al. reported the endothelial
outgrowth potential and kinetics of bone marrow-derived
hematopoietic cells (Lin et al., 2000). These results suggest
that circulating endothelial progenitor cells exist and that
they are derived from bone marrow. The circulating, lacZ-
positive cells in Tie2-Cre;CAG-CAT-Z transgenic embryos
ay therefore be circulating endothelial progenitor cells.
e hypothesize that the Tie2 promoter/enhancer becomes
ctive after some hematopoietic cells differentiate into circu-
ating endothelial progenitor cells; this may explain why
ematopoietic cells in the blood island, omphalomesenteric
rtery, and vitelline artery do not show lacZ staining.
Endothelial Specific-Gene Targeting
Tie2-Cre transgenic mice can provide valuable informa-
ion regarding the roles of molecules which may be in-
olved with the endocardial–mesenchymal transformation
n vivo (Camenisch et al., 2000). In Tie2-Cre;CAG-CAT-Z
transgenic embryos, not all of the AV cushion cells are lacZ
positive but the number of lacZ positive cells seems to
increase during the development (Figs. 5B, 5F, and 6D). This
can be because more lacZ-positive endocardial cells partici-
pate in endocardial–mesenchymal transformation, or be-
cause the lacZ positive cushion cells proliferate. At this
moment, we cannot differentiate these possibilities. Tie2-
Cre transgenic mice also enable endothelial cell (endothe-
lial cell-lineage)-specific gene targeting by the Cre/loxP
system. Lethal developmental abnormalities that result
from systemic disruption of the genes expressed during
embryonic development frequently impede the (patho)-
physiologic analyses of the roles of these gene products in
adult mice. Tissue-specific gene targeting may overcome
these problems and thus allow (patho)physiologic analyses
of the genes in adult mice. For example, conventional
targeting of endothelin-1 (Et-1), of which the main expres-
sion site is endothelial cells in adult mammals, results in
developmental abnormalities and neonatal death (Kurihara
et al., 1994). We are using Tie2-Cre transgenic mice to
create mice with an endothelial cell-specific disruption of
the ET-1 in order to reveal the physiologic role of
ndothelial-endothelin-1 in adult animals (Kisanuki et al.,
npublished data).
In conclusion, we generated Tie2-Cre transgenic mice,
Copyright © 2001 by Academic Press. All righthich facilitate endothelial cell-lineage analyses and endo-
helial cell-specific gene targeting. LacZ staining of Tie2-
re;CAG-CAT-Z embryos were consistent with
ndocardial–mesenchymal transformation in the AV canal
nd part of the OT regions. Importantly, these observations
ere made in the setting of the intact, unmanipulated
mbryos, not in the organ culture or transplantation chime-
as. Tie2-Cre transgenic mice will be a powerful genetic
odel to improve the understanding of the roles of the
enes expressed in endothelial cells during embryonic de-
elopment as well as (patho)physiologic conditions such as
therosclerosis, cancer, and wound healing.
ACKNOWLEDGMENTS
We thank Thomas N. Sato for providing the Tie2 promoter/
enhancer DNA and Tie2-lacZ embryos. We also thank Cheryl E.
Gariepy, David E. Clouthier, Toshiyuki Motoike, and Thomas N.
Sato for suggestions and discussions. M.Y. is an Investigator, and
Y.Y.K. is a former Associate of the Howard Hughes Medical
Institute. This work was supported in part by research funds from
the Perot Family Foundation, W. M. Keck Foundation, and Tanabe
Medical Frontier Conference.
REFERENCES
Araki, K., Araki, M., Miyazaki, J., and Vassalli, P. (1995). Site-
specific recombination of a transgene in fertilized eggs by tran-
sient expression of Cre recombinase. Proc. Natl. Acad. Sci. USA
92, 160–164.
Bolender, D. L., and Markwald, R. R. (1979). Epithelial-
mesenchymal transformation in chick atrioventricular cushion
morphogenesis. SEM 3, 313–321.
Camenisch, T. D., Spicer, A. P., Brehm-Gibson, T., Biesterfeldt, J.,
Augustine, M. L., Calabro, A., Kubalak, S., Klewer, S. E., and
McDonald, J. A. (2000). Disruption of hyaluronan synthase-2
abrogates normal cardiac morphogenesis and hyaluronan-
mediated transformation of epithelium to mesenchyme. J. Clin.
Invest. 106, 349–360.
Coffin, J. D., and Poole, T. J. (1988). Embryonic vascular develop-
ment: Immunohistochemical identification of the origin and
subsequent morphogenesis of the major vessel primordia in quail
embryos. Development 102, 735–748.
Crossin, K. L., Hoffman, S., Grumet, M., Thiery, J. P., and Edelman,
G. M. (1986). Site-restricted expression of cytotactin during
development of the chicken embryo. J. Cell Biol. 102, 1917–1930.
Davis, S., Aldrich, T. H., Jones, P. F., Acheson, A., Compton, D. L.,
Jain, V., Ryan, T., E., Bruno, J., Radziejewski, C., Maisonpierre,
P. C., and Yancopoulous, G. D. (1996). Isolation of
angiopoietin-1, a ligand for the TIE2 receptor, by secretion-trap
expression cloning. Cell 87, 1161–1169.
DeRuiter, M. C., Poelmann, R. E., VanMunsteren, J. C., Mironov,
V., Markwald, R. R., and Gittenberger-de Groot, A. C. (1997).
Embryonic endothelial cells transdifferentiate into mesenchy-
mal cells expressing smooth muscle actins in vivo and in vitro.
Circ. Res. 80, 444–451.
s of reproduction in any form reserved.
241In Vivo Endothelial Lineage AnalysisEchelard, Y., Vassileva, G., and McMahon, A. P. (1994). Cis-acting
regulatory sequences governing Wnt-1 expression in the devel-
oping mouse CNS. Development 120, 2213–2224.
Epstein, J. A., Li, J., Lang, D., Chen, F., Brown, C. B., Jin, F., Lu,
M. M., Thomas, M., Liu, E. J., Wessels, A., and Lo, C. W. (2000).
Migration of cardiac neural crest cells in Splotch embryos.
Development 127, 1869–1878.
Feil, R., Brocard, J., Mascrez, B., LeMeur, M., Metzger, D., and
Chambon, P. (1996). Ligand-activated site-specific recombina-
tion in mice. Proc. Natl. Acad. Sci. USA 93, 10887–10890.
Friedrich, G., and Soriano, P. (1991). Promoter traps in embryonic
stem cells: a genetic screen to identify and mutate developmen-
tal genes in mice. Genes & Dev. 5, 1513–1523.
Goulding, M. D., Chalepakis, G., Deutsch, U., Erselius, J. R., and
Gruss, P. (1991). Pax-3, a novel murine DNA binding protein
expressed during early embryogenesis. EMBO J. 10, 1135–1147.
Gu, H., Marth, J. D., Orban, P. C., Mossmann, H., and Rajewsky, K.
(1994). Deletion of a DNA polymerase beta gene segment in T cells
using cell type-specific gene targeting. Science 265, 103–106.
Hofmann, S. L., Russell, D. W., Brown, M. S., Goldstein, J. L., and
Hammer, R. E. (1988). Overexpression of low density lipoprotein
(LDL) receptor eliminates LDL from plasma in transgenic mice.
Science 239, 1277–1281.
Jiang, X., Rowitch, D. H., Soriano, P., McMahon, A. P., and Sucov,
H. M. (2000). Fate of the mammalian cardiac neural crest.
Development 127, 1607–1616.
Johnson, G. R., and Moore, M. A. S. (1975). Role of stem cell
migration in initiation of mouse foetal liver hematopoiesis.
Nature 258, 726–728.
Kaufman, M. H. (1992). “The Atlas of Mouse Development,”
Academic Press, London.
Kawamoto, S., Niwa, H., Tashiro, F., Sano, S., Kondoh, G., Takeda,
J., Tabayashi, K., and Miyazaki, J. (2000). A novel reporter mouse
strain that expresses enhanced green fluorescent protein upon
Cre-mediated recombination. FEBS Lett. 470, 263–268.
Ku¨hn, R., Schwenk, F., Aguet, M., and Rajewsky, K. (1995).
Inducible gene targeting in mice. Science 269, 1427–1429.
Kulkarni, R. N., Bruning, J. C., Winnay, J. N., Postic, C., Magnuson,
M. A., and Kahn, C. R. (1999). Tissue-specific knockout of the
insulin receptor in pancreatic b cells creates an insulin secretory
defect similar to that in type 2 diabetes. Cell 96, 329–339.
Kurihara, Y., Kurihara, H., Suzuki, H., Kodama, T., Maemura, K.,
Nagai, R., Oda, H., Kuwaki, T., Cao, W.-H., Kamada, N., Jishage, K.,
Ouchi, Y., Azuma, S., Toyoda, Y., Ishikawa, T., Kumada, M., and
Yazaki, Y. (1994). Elevated blood pressure and craniofacial abnor-
malities in mice deficient in endothelin-1. Nature 368, 703–710.
Le Douarin, N. M. (1982). “The Neural Crest,” Cambridge Univ.
Press, Cambridge.
Lin, Y., Weisdorf, D. J., Solovey, A., and Hebbel, R. P. (2000).
Origins of circulating endothelial cells and endothelial out-
growth from blood. J. Clin. Invest. 105, 71–77.
Lo, C. W., Cohen, M. F., Huang, G.-Y., Lazatin, B. O., Patel, N.,
Sullivan, R., Pauken, C., and Park, S. M. J. (1997). Cx43 gap
junction gene expression and gap junctional communication in
mouse neural crest cells. Dev. Genet. 20, 119–132.
Markwald, R. R., Fitzharris, T. P., Bolendar, D. L., and Bernanke,
D. H. (1979). Structural analysis of cell matrix association during
the morphogenesis of atrioventricular cushion tissue. Dev. Biol.
69, 634–654.
Copyright © 2001 by Academic Press. All rightMarkwald, R. R., Fitzharris, T. P., and Manasek, F. J. (1977).
Structural development of endocardial cushions. Am. J. Anat.
148, 85–119.
Medvinsky, A., and Dierzak, E. (1996). Definitive hematopoiesis is
autonomously initiated by the AGM region. Cell 86, 897–906.
Nakajima, Y., Miyazono, K., Kato, M., Takase, M., Yamagishi, T.,
and Nakamura, H. (1997). Extracellular fibrillar structure of
latent TGFb binding protein-1: Role in TGFb-dependent
endothelial-mesenchymal transformation during endocardial
cushion tissue formation in mouse embryonic heart. J. Cell. Biol.
136, 193–204.
Nishibatake, M., Kirby, M. L., and van Mierop, L. H. (1987).
Pathogenesis of persistent truncus arteriosus and dextroposed
aorta in the chick embryo after neural crest ablation. Circulation
75, 255–264.
Niwa, H., Yamamura, K., and Miyazaki, J. (1991). Efficient selec-
tion for high-expression transfectants with a novel eukaryotic
vector. Gene 108, 193–200.
Noden, D. M., Poelmann, R. E., and Gittenberger-de Groot, A. C.
(1995). Cell origins and tissue boundaries during outflow tract
development. Trends Cardiovasc. Med. 5, 69–75.
Pardanaud, L., Altmann, C., Kitos, P., Dieterlen-Lievre, F., and
Buck, C. A. (1987). Vasculogenesis in the early quail blastodisc as
studied with a monoclonal antibody recognizing endothelial
cells. Development 100, 339–349.
Runyan, R. B., and Markwald, R. R. (1983). Invasion of mesen-
chyme into three-dimensional collagen gels: A regional and
temporal analysis of interactions in embryonic heart tissue. Dev.
Biol. 95, 108–114.
Sato, T. N., Qin, Y., Kozak, C. A., and Audus, K. L. (1993). tie-1 and
tie-2 define another class of putative receptor tyrosine kinase
genes expressed in early embryonic vascular system. Proc. Natl.
Acad. Sci. USA 90, 9355–9358.
Sauer, B., and Henderson, N. (1988). Site-specific DNA recombina-
tion in mammalian cells by the Cre recombinase of bacterio-
phage P1. Proc. Natl. Acad. Sci. USA 85, 5166–5170.
Schlaeger, T. M., Bartunkova, S., Lawitts, J. A., Teichmann, G., Risau,
W., Deutsch, U., and Sato, T. N. (1997). Uniform vascular endothe-
lial cell-specific gene expression in both embryonic and adult
transgenic mice. Proc. Natl. Acad. Sci. USA 94, 3058–3063.
Schlaeger, T. M., Qin, Y., Fujiwara, Y., Magram, J., and Sato, T. N.
(1995). Vascular endothelial cell lineage-specific promoter in
transgenic mice. Development 121, 1089–1098.
Schnu¨rch, H., and Risau, W. (1993). Expression of tie-2, a member
of a novel family of receptor tyrosine kinases, in the endothelial
cell lineage. Development 119, 957–968.
Soriano, P. (1999). Generalized lacZ expression with the ROSA26
Cre reporter strain. Nat. Genet. 21, 70–71.
Sternberg, N., and Hamilton, D. (1981). Bacteriophage P1 site-
specific recombination. I. Recombination between loxP sites. J.
Mol. Biol. 150, 467–486.
Takahashi, T., Kalka, C., Masuda, H., Chen, D., Silver, M., Kear-
ney, M., Magner, M., Isner, J. M., and Asahara, T. (1999).
Ischemia- and cytokine-induced mobilization of bone marrow-
derived endothelial progenitor cells for neovascularization. Nat.
Med. 5, 434–438.
Takakura, N., Huang, X.-L., Naruse, T., Hamaguchi, I., Dumont,
D. J., Yancopoulos, G. D., and Suda, T. (1998). Critical role of the
TIE2 endothelial cell receptor in the development of definitive
hematopoiesis. Immunity 9, 677–686.
s of reproduction in any form reserved.
242 Kisanuki et al.van den Hoff, M. J. B., Moorman, A. F. M., Ruijter, J. M., Lamers,
W. H., Bennington, R. W., Markwald, R. R., and Wessels, A.
(1999). Myocardialization of the cardiac outflow tract. Dev. Biol.
212, 477–490.
Waldo, K., Miyagawa-Tomita, S., Kumiski, D., and Kirby, M. L.
(1998). Cardiac neural crest cells provide new insight into septa-
tion of the cardiac outflow tract: Aortic sac to ventricular septal
closure. Dev. Biol. 196, 129–144.
Waldo, K. L., Lo, C. W., and Kirby, M. L. (1999). Cx43 expression
reflects crest patterns during cardiovascular development. Dev.
Biol. 208, 307–323.
Wong, A. L., Haroon, Z. A., Werner, S., Dewhirst, M. W., Green-
berg, C. S., and Peters, K. G. (1997). Tie2 expression and phos-
phorylation in angiogenic and quiescent adult tissues. Circ. Res.
81, 567–574.
Copyright © 2001 by Academic Press. All rightWunsch, A. M., Little, C. D., and Markwald, R. R. (1994). Cardiac
endothelial heterogeneity defines vascular development as dem-
onstrated by the diverse expression of JB3, and antigen of the
endocardial cushion tissue. Dev. Biol. 165, 585–601.
Yamada, M., Szendro, P. I., Prokscha, A., Schwartz, R. J., and
Eichele, G. (1999). Evidence for a role of Smad6 in chick cardiac
development. Dev. Biol. 215, 48–61.
Yamamura, H., Zhang, M., Markwald, R. R., and Mjaatvedt, C. H.
(1997). A heart segmental defect in the anterior-posterior axis of
a transgenic mutant mouse. Dev. Biol. 186, 58–72.
Received for publication September 20, 2000
Accepted November 6, 2000Published online January 19, 2001
s of reproduction in any form reserved.
